A new class of models is constructed in which the third family quarks, but not leptons, experience a new SU(2) or U(1) gauge force. Anomaly cancellation enforces the introduction of spectator quarks so that top and bottom quark masses are naturally generated via a seesaw mechanism. We find the new contributions to the (S,T,U) parameters and Zbb vertex to be generically small. We analyze how the reasonable flavor mixing pattern can be generated to ensure the top-seesaw mechanism and sufficiently suppress flavor-changing effects for light quarks. Collider signatures for the light Higgs boson and top quark are also discussed.
The single Higgs doublet in the standard model ͑SM͒ generates the masses for weak gauge bosons (W Ϯ ,Z 0 ) and all quarks and leptons by spontaneous electroweak symmetry breaking ͑EWSB͒. However, the striking experimental fact is that only the top quark mass (m t ϭ174.3Ϯ5.1 GeV) lies at the same scale as the masses of (W Ϯ ,Z 0 ), while all other SM fermions weigh no more than a few GeV. This strongly suggests that the top quark sector may involve certain new gauge dynamics in contrast with all light fermions, including the tau lepton. Following this guideline of model building, we are forced to introduce new spectator fermions associated with the top sector for gauge anomaly cancellation. We then find that the seesaw mechanism is truly generic to the top quark mass generation.
The usual dynamical top-color scenario ͓1͔ associates additional strong SU(3) with the top sector, while our topflavor seesaw models involve either extra SU(2) or U(1) and thus predict extra color-singlet heavy gauge bosons such as WЈ and/or ZЈ. The old non-universality ͓2͔ or top-flavor ͓4͔ models assume the entire third family joins the same extra SU(2) gauge group, which fail to explain why the top mass is so much larger than the tau mass while tau is as light as a charm in the second family. The non-commuting extended technicolor ͑ETC͒ model ͓3͔ has focused on generating a dynamical m t by embedding an extra strong SU(2) into the ETC gauge group with the anomaly issue ignored for simplicity. The recent dynamical top-color seesaw models ͓5,6͔ involve an extra singlet heavy quark which is not necessarily required by the anomaly cancellation since the SU(3) top-color can be vector-like for SM quarks and an additional seesaw condition usually needs to be imposed. Our construction stresses that a rigorous realization of topflavor gauge group of either SU(2) or U(1) in the top-sector ͑but not tau-sector͒ enforces the introduction of spectator fermions and uniquely leads to a seesaw mechanism for m t . The top-flavor with SU(2) gauge group requires spectators only in doublet while our top-flavor U(1) allows either doublet or singlet spectators. The doublet spectator fermions always carry weak isospin so that they more actively participate in the EWSB dynamics than any singlet spectator. The top-flavor seesaw scenario with doublet spectator fermions thus provides a complementary prospect to the original topseesaw idea with an extra singlet quark ͓5͔. As will be shown below, our new top-flavor seesaw models, besides being theoretically well motivated and defined, are fully compatible with low energy data and may further provide exciting collider signatures. An extension to the dynamical symmetry breaking ͑DSB͒ scenario is presented.
We construct two types of models in which the top sector, but not tau sector, experiences a new gauge interaction of SU (2) 
(T,B)
T is introduced to make the theory free of anomaly ͑cf. Therefore, in contrast to the usual two Higgs doublet model ͑2HDM͒, our models have no charged Higgs bosons. There are a pair of neutral scalars (h 0 , 0 ) with a mixing angle ␣. The value of ␣ depends on the details of the scalar potential V(h 0 , 0 ) and will be treated as a free parameter below. As a result of the spontaneous symmetry breaking, the scalars are expected to obtain tree level masses of the order of their VEV's, i.e., m h ϳvϳO(100 GeV) and M ϳuϳO(TeV).
Defining H ϭϪi 2 H*, from Table I , we find the following Yukawa interactions of the third family quarks for both Type-I and -II:
which generate top-and bottom-seesaw mass matrices:
͑2͒
where M S ϭy s u/ͱ2, m st ϭy st v/ͱ2, m sb ϭy sb v/ͱ2. The parameter , allowed before spontaneous symmetry breaking, is expected to be of O(M S ). Because of the doublet nature of (T,B) in our model, the same appears in both top and bottom seesaw, in contrast to the recent dynamical seesaw models with singlet and quarks ͓5,6͔. For the parameter space M S տӷm st Ͼm t , the mass eigenvalues of (t,b) and (T,B) can be expanded as
The mass splitting of the heavy quarks (T,B), ⌬M TB ϭM T ϪM B , is thus deduced as
The tiny mass splitting of the (T,B) doublet is essential for satisfying the high precision bound of the ␦ or T parameter
͓8͔.
The seesaw mass matrices in ͑2͒ are diagonalized by 2
, where the superscript j(t,b) specifies the up-and down-type ro-
Since z b /z t ϭm b /m t ϳ1/40Ӷ1, the seesaw rotation effects from the bottom sector are much smaller than that in the top sector. If we consider the typical situation with z b ՇO(z t 2 ), the tiny contribution from the bottom rotations to (S,T,U) and R b can be ignored.
With the above seesaw rotations and the ␣ rotation of (h 0 , 0 ) from the Higgs potential, we derive from ͑1͒ the following Yukawa interactions of (h 0 , 0 ) with t t and bb in the unitary gauge, up to O(z t 2 ,z b ),
where Ϫ/2р␣р0 and (s ␣ ,c ␣ )ϵ(sin ␣, cos ␣). Thus, the ht t coupling may be significantly different from the SM value of m t /v w depending on the parameter space of (␣,x,M S ,). This may provide, for instance, important 
and Sϭ(T, B)
T . The three main new contributions to (S,T,U) and Zbb arise from ͑a͒ the small mixings of heavy WЈ and/or ZЈ with W(Z); ͑b͒ the T-t and B-b mixings from the seesaw mechanism as well as the (T,B) doublet itself; ͑c͒ the mixing of the Higgs bosons. The type-͑a͒ contribution is generic to any extended gauge sector with a breaking pattern SU(2) 1 SU(2) 2 →SU(2) w or U(1) 1 U(1) 2 →U(1) y and can safely fit the data as long as the mixing angle sin and the ratio 1/x are small enough ͓4,7͔. Our real concern is the new type-͑b͒ and -͑c͒ corrections. The usual expectation is that only SU(2) w singlet heavy fermions are phenomenologically safe ͓5͔, but our analysis shows that the contributions of the doublet fermions (T,B) in our seesaw mechanism are also generically small enough to agree with the current data. For simplicity, we compute the type-͑b͒ contributions up to O(z t 4 ) in seesaw expansion while keeping leading orders in small sin and 1/x expansions ͓4,7͔. To the leading order in sin and 1/x, the doublet (T,B) behaves essentially vectorlike under the SM gauge group, and thus their heavy masses are expected to respect the decoupling theorem ͓9͔. Even though the masses M S and are invariant under G SM , the other seesaw mass terms (m st and m sb ) are not. It is a nontrivial task to confirm that the spectator-fermion corrections to (S,T,U) can decouple sufficiently since the fermion loops involving heavy T /B do contribute dangerous O(M S 2 ) and O(M S 0 ) terms to the self-energies of W/Z. The calculations of (S,T,U) are tedious, but the results to O(z t 2 ,z b ) can be compactly summarized, 
Thus, the (h 0 , 0 ) contribute to low energy observables in the same way as the SM Higgs boson, but with a scaling factor of (c ␣ 2 ,s ␣ 2 ). From the SM Higgs correction to (S,T,U) ͓8͔, we derive the additional contributions from (h 0 , 0 ):
and ⌬UӍ0, where (m h ) ref sm is the reference value of the SM Higgs mass. For (m h ) ref sm ϭm h ϭ100 GeV and M ϭ1 TeV, we find (⌬S,⌬T)ϭ(0.02,Ϫ0.07) with s ␣ 2 ϭ0.2. The contributions of the Higgs and seesaw sectors to T can have opposite signs, which makes our model easily accommodate the data with a small T for reasonable (M ,M S ). On the other hand, M S is bounded from above ͑since a larger M S lifts up S to the positive side͒ and also from below ͑since a light M S pushes both S and T towards negative͒. Considering 1/xӶ1 and summing up dominant contributions in the Higgs and seesaw sectors, we can derive constraints in the (M ,M S ) plane from the precision fit of (S,T) ͓10͔, as shown in Fig. 1 . We have chosen (m h ) ref sm ϭ100 GeV for the (S,T) fit, with the complete 1-loop SM corrections included ͑in accord with the precision of our 1-loop new physics results͒. The fitted values of (S,T)ϭ(0.13Ϯ0.11,Ϫ0.13Ϯ0.14) deviate from ͑0,0͒ at 1 level. Figure 1 shows that M is always bounded from below since a too light 0 drives both (⌬S,⌬T) to zero. We finally discuss the ratio of Z decay width R b ϭ⌫(Z →bb )/⌫(Z→hadrons) and the Zbb coupling asymmetry A b ϭ(g bL 2 Ϫg bR 2 )/(g bL 2 ϩg bR 2 ). The current experimental data from R b and A b can be translated into the bounds on the allowed deviation of the Zbb couplings (g bL , g bR ) from their SM values, 0.002р␦g bL р0.009 and 0.004р␦g bR р0.036, at the 2 level ͓11͔. It is straightforward to compute the corrections to Zbb couplings from the seesaw sector of our model. The correction associated with the top sector only comes from loop and is of O(z t 2 ) so that it is generally small, but the bottom seesaw induces a tree level correction /(1ϩr)ՇO(10 Ϫ6 Ϫ10 Ϫ8 ) for ϭO(1Ϫ10) TeV and thus is essentially negligible. This feature is different from the recent dynamical seesaw models with singlets and in which the left-handed ͑instead of right-handed͒ bmixings contribute to the Zbb vertex ͓6͔. Another nice feature is that our models contain no charged Higgs boson and are thus free of its undesirable negative correction to R b and also its enhancement to b→s␥ decay rate in the usual 2HDM ͓11͔.
To establish realistic flavor mixings among all three families with the well constrained Cabibbo-Kobayashi-Maskawa ͑CKM͒ matrix generated is a more challenging task. We do not want to spoil the seesaw pattern of the mass matrices in ͑2͒ after the mixings with the first two family fermions are included, and we also need to properly suppress flavorchanging effects associated with the light quarks. The quantum number assignments in Table I do not automatically suppress the mixings of (T,B) and (t,b) with light fermions. We impose a simple discrete Z 4 symmetry to ensure the desired pattern of the 4ϫ4 mass matrices for up-and downtype quarks. Under Z 4 ϭexp(in/2) with n(0,1,2,3), we define the following field transformations:
and other fields are unchanged by Z 4 . Then, we can write down all relevant effective operators in the quark Yukawa sector, invariant under G I (G II ). For instance, in the Type-I models, the Yukawa Lagrangian ϪL Y (U) of the up-type quarks becomes
where ⌳ f is the cutoff scale of the flavor symmetry breaking. Defining m i j ϭy i j v/ͱ2, we find that the resulting mass matrix for (u,c,t,T ) poses a natural hierarchy,
in which ⑀ϭu/⌳ f and ␦ϭ⑀ 2 (u/v) are small parameters. The down-type quarks exhibit a similar pattern in M d . A proper bi-unitary field transformation, containing the dominating 2 ϫ2 seesaw rotations in the t-T (b-B) sector, can first rotate away the small mixings of T (B) with all light quarks so that the 4ϫ4 mass matrix reduces to 3ϫ3 for the three-family quarks of the SM, i.e.,
where m t ЈՇm t . A similar analysis applies to Type-II models. Following the procedure of Ref. ͓12͔, realistic CKM mixings of SM fermions can be generated with a proper construction of left-handed rotations for the up-and down-type quarks. The flavor changing effects associated with light quarks were found to be reasonably suppressed ͓12͔ in consistency with low energy data, while right-handed mixings are constrained by the mass pattern ͑14͒. Sizable flavor mixings between right-handed c R and t R are allowed ͓12͔:
for reasonable values of ␦m t ϭm t Ϫm t ЈϭO(1Ϫ10) GeV.
Hence, the charm-gluon fusion process gc→h 0 t ͓13͔ provides an important Higgs boson discovery channel at the LHC.
While the above top-flavor seesaw models have provided the crucial ingredients on how a large top mass is generated together with the EWSB, it is desirable to invoke dynamical symmetry breaking at the TeV scale without introducing fundamental Higgs bosons. Here, we only consider the simplest DSB realization of our seesaw mechanism of Type-II models, which is called Type-IID below.
To replace the fundamental VEV ͗H͘ by a dynamical condensate, we may introduce a strong SU(3) t gauge interaction for (t R ,b R ) and S L while all other quarks join the weaker SU(3) f group. ͓The strong SU(3) t is traditionally called top-color ͓1͔.͔ Thus, our Type-IID models, as an extension of the above Type-II scenario, have the gauge structure G IID ϭSU(3) t SU(3) f SU(2) w U(1) t U(1) f , which turns out to match the gauge group of the original non-seesaw top-color models ͓1͔. But our Type-IID models differ in that they contain new doublet spectator fermions for generating the seesaw mechanism and have very different quantum number arrangement enforced by the anomaly cancellation ͑cf. 
͑16͒
Here, ( c , y )ϭ(g 3 2 cot 2 , gЈ 2 cot 2 Ј)/8, with g 3 (gЈ) the gauge coupling of the SM color ͑hypercharge͒ force and (Ј) the mixing angle of the two SU(3)'s ͓U(1)'s͔ ͓1͔. Applying the Fierz transformation to ͑16͒ leads to NambuJona-Lasinio ͑NJL͒ type interactions, for M y ӍM c ,
where c ϭ c (1Ϫ1/N c 2 ). In the large-N c expansion, a ge- where, for example, (, M S , M c )ϳ(2, 5, 50) TeV and m t /sin L t ϳ600 GeV. Note that Eq. ͑19͒ involves the lefthanded ͑instead of right-handed͒ seesaw rotation angle L t , unlike the situation in Refs. ͓5,6͔.
As a final remark, the small masses of b, , and the first two family fermions have to be generated by different mechanisms, which are much more model-dependent ͓14͔. For instance, they can come from higher dimensional effective operators ͓6͔, composite Higgs doublet ͑formed at higher scale͒ with a small VEV v f տO(1Ϫ10) GeV ͓15͔, or extended technicolor interactions ͓16͔.
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